The purpose of our research project is to develop a "clean interface" between design and fabrication facilities for the production of custom machined parts. The research accomplishments are summarized: 1.Creation of a new format for data exchange, NCML (Numerically Controlled Markup Language), 2. Development of a prototype system to illustrate how NCML can be effectively used to conduct E-Commerce for custom machined parts, 3. Testing of the methodology with a number of parts obtained from three different sources: The Design Repository located at Drexel University, Manufacturing Quote Inc., a commercial company that is in the business of matching buyers and sellers of custom machined parts, and Stone Machine Co., a local machine shop that is typical of the type of fabrication facility which would use NCML.
INTRODUCTION
In our previous research we developed a "clean interface" between design and manufacturing analogous to the model successfully used in the electronics industry in the MOSIS project for the manufacturing of VLSI chips [5, 6, 12] . Our work builds on that of other researchers including the concepts of Concurrent Engineering [2, 7] , the Cybercut system at UC Berkeley [16] , and feature based design [3, 11, 13, 15] . The problem is a subset of the general problem of Electronic Data Interchange (EDI) which includes a number of standards like IGES and STEP [4, 15] .
The goals of NCML are to: • Provide a "clean interface" for custom machined parts analogous to the CIF format used for VLSI design and fabrication, • Provide a higher level language to augment or possibly replace the "G&M" codes which are the current standard for control of NC machines, • Provide a description of part geometry in terms of machining features which allows "spare parts" to be stored in electronic form, • Provide the ability to broker RFQs (Request for Quotations) to one or more suppliers via electronic means, • Provide easy translation to a number of software automation tools including CAM, cost estimation, tool path generation, process planning optimization and visualization systems.
• Enable designers to perform preliminary cost estimation and quantify the effects of tolerance choices and part geometry on the cost of machining prototypes, This paper provides an overview of the project with greatest emphasis on the last topic in the list, i.e. cost estimation. More information concerning NCML may be found in [6, 12] and also in a technical report available at:
http://www.unh.edu/dml/publications/publications.html If E-Commerce for custom machined parts is to be successful, it must be possible for suppliers to prepare accurate bids, reflective of their particular specialized capabilities. What is required for a Job Shop to process an RFQ into revenue producing work? The data describing the part must be provided in a format that is accurate, complete and unambiguous
NUMERICAL CONTROL MARKUP LANGUAGE (NCML)
By adopting Object Oriented Programming (OOP) techniques, information in NCML is conceptualized as objects for the machining/manufacturing of features. The hierarchical structure makes it easy to transfer data components grouped or related in the parent-child data. The intended data is encoded in NCML as explained below:
• Manufacturing Features: Manufacturing features are used as a unit of data grouping. These include not only machining features like pockets, holes, contours, etc but also other part-specific information like tolerances, work piece, cutting tools, etc.
• Hierarchical Structure: The machining features in NCML are structured hierarchically. These features are machined from an intermediate work piece according to the machining order in the structure.
The XML format is used to define and to structure NCML. Among its many advantages, XML is extensible. Since the current implementation of NCML is quite simple, the extensibility of document contents must be considered for future practical application development. Figure 1 illustrates the structure of NCML. The NCML document is comprised of everything it takes to define a machined part. The root element of the NCML file is the "partspec" which contains five elements:header, workpiece, body, tool-set and tolerance-lib.
The operations of the body element are based on manufacturing features (e.g. Hole, Pocket and Contour) and are initially focused on 2 ½ machining operations such as those classified by Kramer [8] . These features are made more general by the tool-set elements of the NCML document. Gaines [3] introduced a tool-centric approach to feature recognition. NCML also uses cutting tool geometry to define manufacturing features. The concept that associates the manufacturing feature with a tool shape is called a "virtual tool".
The virtual tool concept not only allows the user to easily and simply define machining features such as counter-bored holes, edge rounds, or tapered sides on a pocket or contour, but also simplifies the machining feature geometry and reduces the required number of manufacturing features (called operations in NCML) without losing the ability to express a diverse set of manufacturing features. The cutting tools actually used by the machine shop may or may not be the same as the "virtual" tool defined in the NCML tool-set definition. Actual tool usage depends on the availability of each tool in the fabricator's tool crib. The feature definition along with the tool definition in the NCML file may be translated into several simple machining volumes in the machining process.
The body element is comprised of one or more setups. The setup element corresponds to an orientation of the workpiece on the NC milling machine. In each setup, machining operations may be grouped into patterns. The pattern element is a group of similar operations that use the same cutting tool and share the same machining strategies. The pattern element is directly associated with a tool element defined in the tool-set. Examples include bolt hole patterns or a set of nested pockets.
The operation elements are the fundamental machining features and are currently limited to one of three basic types: hole, contour, and pocket. These three fundamental operations can be used to create holes, pockets, bosses, slots, facing, and side milling operations. The application which processes the NCML file can calculate the volume of each machining operation. Associating basic process planning with specific machining strategies makes it possible to automatically estimate machining time and cost for quotation purposes. Figure 2 illustrates the basic ideas of the software architecture and communication based on the e-Commerce environment. FACILE/Design, FACILE/Fabricate and E-MILL are intended to support the processes of the designer, the fabricator and the e-market respectively for the proposed process based on NCML. Essential functions and possible communication modes are marked in Figure 2 , according to the active roles in the process. FACILE/Design is the design software system. This is a CAD software system that can be used to create NCML files. While NCML generation is the essential function, other functions are necessary for including machined part information in FACILE/Design. The following functions are part of FACILE/Design:
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• Part modeling and editing • Macro Simulation • NCML and VRML file generation.
VRML is the Virtual Reality Modeling Language commonly used for display of 3-D objects on the world wide web.
E-MILL was developed as a prototype e-commerce site for buyers and sellers of machined parts. The NCML format created in FACILE/Design is used as the standard part representation format in E-MILL. A registered designer in the E-MILL service can post a machined part in NCML format. The data posted includes a NCML document and the VRML 3D graphical model. The E-MILL application arranges the given data on the specified web page and informs the sellers that an RFQ is ready for bid.
Sellers (Job shops) can place bids on the part and the buyer can choose a bid winner. This page also changes its contents according to part status and part ownership. A seller can examine the design information (geometry and specifications) and interact with the part buyer by using the markup capability. The left upper frame in Figure 3 shows a standard VRML viewer plug-in (Cosmo player). They can change the machining set up defined in the NCML document in the left lower frame. A user can pop out a fabrication feature by clicking on it in the VRML frame. This also leads the user to the geometric definition of the selected feature in the NCML frame.
The NCML file can also be imported to FACILE/Fabricate. The imported NCML document is translated into an internal solid model and viewed by the seller. By adding machining specific information to the delivered NCML document, the fabricator can implement the whole fabrication process in the FACILE/Fabricate system. This includes cost estimation for quote generation and G-Code generation.
QUOTING IN FACILE/FABRICATE
We assume that E-MILL employs an auction/bid method for matchmaking. Timely and accurate quotation is helpful for both buyers and sellers. Generating a quick and reasonable cost estimation of machined parts is crucial to competitive business in the machined part industry.
Here, a heuristic method for quote estimation of the machined part in NCML is presented. The proposed method fully utilizes information in the NCML format to generate a quote for the machined part in NCML.
QUOTATION MODEL
A quotation model can be stated as: The time required for machining setup includes fixture making, cutting tool loading, trial machining and machined part Figure 3 A screenshot illustrating the design/fabrication collaboration using VRML graphical NCML display (Top-left window) and markups (right windows) inspection. Since, the number of setups can be easily gained from the NCML format, Ts can be stated as:
Ts =Ns As (3) where Ns : Number of setups As : Average machining setup time
Since the number of cutting tool changes depends on the detailed process plan, it is quite difficult to get an exact number. However, since NCML associates a "virtual tool" with each individual pattern element, an approximation can be made. In this case, the total time required for changing cutting tools can be stated as: Although, in general, the cutting tool with a large diameter has a large associated material removal rate, it is difficult to derive an accurate relationship between material removal rate and the tool used. We assume the material removal rate is inversely related to the cutter diameter. Surface finish level and tolerance also affect the material removal rate. 
where Rdr : Reference MRR for hole machining Rfr : Reference bottom surface cutting rate Rsr : Reference wall surface cutting rate Dc : Tool diameter of the current cutting tool Dr : Tool diameter of the reference cutting tool. Ft : Weight factor, changes with tolerance and surface finish assigned on the feature Different power numbers are used in Equations 7-9 to adjust the material removal rate for specific operations. This value is determined mainly depending on which geometric element is machined. For example, power 3 is used for a 3 dimensional element volume, power 2 is used for a 2 dimensional element surface, and we assume that a cutter for wall machining moves in one dimension along lines and arcs, therefore power 1 is chosen. Although, this assumption may not be true for some sophisticated tool shapes and machining geometry, it predicted well in our experiments.
TRANSLATION INTO MACHINING OPERATIONS
The NCML document must be translated from the machining features (NCML operations) into a process plan consisting of a series of completely specified Unit Machining Operations (UMOs) [1] . The UMOs include all of the required process information, including depth of cut, roughing and finishing operations, pocketing strategies (i.e., spiral vs. zigzag), spindle speed and feedrates. Since the specific process plan depends heavily on the capabilities of the individual machine shop, this information is not included in NCML. Only the information essential to defining the goal is provided; the individual details are left to the skills of the fabricator.
The goal of this process is to determine exactly how to machine the NCML operation elements: HOLE, CONTOUR, POCKET, FACING, and BOSS. As seen in Figure 4 , it is assumed that each NCML operation can be represented as a set of UMOs. Based on this assumption, the next step is to assign cutting tools and cutting conditions to each NCML operation and its associated UMOs.
Since each NCML operation does not always need to use all of the cutting operations in its category, the fabricator can select a subset of the UMOs dependent on the machining requirements. For example, an NCML POCKET operation can be machined by the five UMOs shown in Figure 4 . The first two UMOs (Center Drilling and Pre-Drilling) are implemented to provide a proper tool approach and the other three operations are machining UMOs which achieve the intended shape. However, fabricators may decide not to execute the semifinishing or finishing operations if the raw material is easily machined and the fabricator can achieve the required surface quality with only rough cutting. Work piece material properties, tolerances and cutting tool choices all affect the fabricator's choices.
TESTING: METHODOLOGY AND RESULTS
The previous sections have described the NCML language and the associated software system for fabricating machined parts. The proof of the concept can only be tested by applying it to the fabrication of actual parts and by comparing it to the conventional approach. This section describes the required tests and procedures for validating the NCML methodology and also shows the results for several test cases.
The ability of a job shop to accurately quote a part is directly related to their business revenues. Therefore, the consistency and the accuracy of the quote are essential for profitability. Since the quotation process is highly correlated with the actual machining process, the bids will vary widely for the same object. Providing accurate and inexpensive quotations is a great advantage.
To validate quotation helper, cases from real job shops must be considered. To verify the applicability of the method to a typical job shop, we investigated the fabricating practice at the Stone Machine Company located in Chester, New Hampshire, USA. We calibrated function parameters and generated the part cost estimate and compared these to the actual values.
To investigate the applicability of the methods to ecommerce, we applied Quotation helper to parts posted on MfgQuote.com, which provides a web based bidding process. The parameters from the Stone Machine Company were used to calibrate the quotation helper software for these jobs. Comparing the estimates based on the Stone Machine capabilities to the actual bids in a real business provided an estimation of the system accuracy.
For accurate estimation, the machining environment needs to be considered. Parameters related to the cutting operation like material removal rates can be determined by collecting machining time data. Others parameters, such as tool change time or setup time may be determined by experience. In the process-planning phase, feed rates and spindle speeds are input by the user and are reflected in G-codes. The feed rate and spindle speed variables can account for only part of the material removal rate. The required parameters may vary with the work piece material, cutting tool characteristics, or as a combination 
NCML Operation Elements
Cutting operations Figure 4 Decomposing of NCML operation elements to cutting operations of both tool and work piece materials. If it is assumed that the job shop uses the same machining strategy for the parts belonging to the same category; same material, similar part size, the material removal rates would be useful for preparing quotations of the parts of the same category.
EXAMPLE PARTS
Ten parts were chosen from three different design sources (three from the Stone Machine Company, three from Mfgquote.com and four from the National Design Repository). Four of the ten parts were made with T6-6061 Aluminum and a plastic material was used for the remaining six parts. Figure 5 graphically illustrates the transition of one of these parts as information is added in the NCML based process. Four different phases are shown.
• The first image shows the FACILE/Design schematic drawing from which the NCML is generated.
• The second image is the VRML model of the part, which is generated from FACILE/Design with the NCML document. Each NCML operation is given as a machining volume. This VRML model is used as a graphical communication aid to accompany the NCML document in E-MILL.
• The third image shows toolpaths generated by the process planning module of FACILE/Fabricate.
• The fourth and the fifth images show the actual machined part after executing toolpaths on the CNC machine. The time required to generate detailed process plans was measured for some of the test parts, i.e. the time required to derive a complete set of machining instructions from a NCML file. These measured times will obviously vary with the skill of the operator but the relative values are still useful. Table 1 presents the time required for each step in the NCML fabrication process. We assumed that there was an exact correspondence between the virtual tools defined in the NCML file and the physical tools available in the machining workcell, and furthermore that the order of operations specified in the file did not need to be altered. In actual practice, these assumptions may be incorrect and additional time would be required to choose appropriate substitute tools and/or change the order of operations.
As shown in Table 1 the average time for the process planning was 18 minutes. This is considerably shorter than the conventional process. For instance, the Stone Machine Company typically plans on more than two hours for the process planning of a machined part with less complicated shapes. The information rich content of NCML reduced the burden on the operator in a number of ways. The Macro Simulation in FACILE allows for excellent visualization of both the finished part and the series of setups and operations required to achieve it. The automatic conversion of NCML into VRML provides a further visualization tool that aids Internet based collaboration. The hierarchical structure of NCML allows the operator to develop machining strategies which can be inherited from setups to patterns to operations and therefore contribute to time savings in generating G-codes.
Quotation parameter calibration was conducted at the Stone Machine Company. Four parts, seven machining setups, and more than sixty UMOs were observed. All parts were made from aluminum 6061-T6.
Machining a part is composed of two phases. The machinist-centered phases are where the machinist does most of the work, e.g. loading/unloading parts, clearing fixtures, and manual de-burring. The other phase is cutting, carried out by the machining center through execution of the G-codes. Normal human variability causes variations in the machinist centered phase and the associated parameters used in the Quotation Helper software may need to be increased to reflect this reality. The procedure for generating the quotation parameters is more fully described in [12] .
QUOTATION COMPARISON RESULTS
Estimated quotations are generated from the FACILE system for the three parts fabricated at the Stone Machine Company. The estimated machining time of each part was then compared to the actual machining time. While the number of tested parts is admittedly small, the estimated times were quite close to the actual measured values. The estimated values averaged 99% of the total machining time, and 94% of the net machining time. Although more data is needed to prove the validity of the methodology, the experimental results illustrate the potential for accurate and fast cost estimation afforded by NCML. We applied the quotation helper to parts posted on MfgQuote.com. Since most of the parts are viewed and examined under a nondisclosure policy, only test results can be presented. Only the RFQ numbers used by MfgQuote.com are shown in Table 2 .
The time required for quote estimation in FACILE from NCML is only a few minutes. This estimation process starts with a Macro Simulation which calculates volume and surface areas. The parameters obtained from the calibration process can then be used to quickly estimate machining times. The fixed costs associated with each RFQ are then added to the machining costs to obtain the estimate. Table 2 compares the quotation helper results with statistics obtained from the MfgQuote website. After each RFQ has been awarded, bidders are allowed to see the high, low, average and median quotes for the job which are compared to the estimates from FACILE. The wide range of bids is in itself quite interesting and illustrates the difficult nature of the business. The quotation helper enforces a discipline that should, at the very least, ensure some uniformity in the bidding process for the suppliers.
Five parts are tested and estimation values are as close as 81% of the average quotes and 97% of the median quote.
The results show that FACILE quotation helper can provide a reasonable valued quote for investigating parts fabrication requests.
CONCLUSIONS
This research project was initiated with the idea that the "Clean Interface " using the Mead-Conway method for VLSI chip manufacturing [9] could be applied to mechanical parts. The specific application domain is fabricating prismatic parts that can be made with a standard NC machining center. The concept of machining/manufacturing features was adopted to represent the part geometry. This information is encoded using the current web document standard XML in a data format called NCML. To prove the feasibility of NCML as a data interchange format, a number of test parts were used. Software systems were implemented to correspond with the core components of the proposed process. These computer software systems are FACILE/Design, E-MILL and FACILE/Fabricate. Machined part descriptions were created in the NCML format using FACILE/Design and hypothetically distributed to fabricators through E-MILL, a web-based e-commerce application. Several parts were fabricated with the aid of the process planning and G-code generation capabilities of FACILE/Fabricate. -884  250 6300  455  1736  1357  619  1319  75  97  RFQ-953  35 7599  654  2544  1795  1134  1458  57  81  RFQ-1081  25 2197 1050  1440  1351  653  959  67  71  RFQ-1113  2*10 1350  272  634  542  61  613  97  113  RFQ-1093  1  626  50  252  220  10  274  108  125  Average  81  97 
